Abstract. Principles and preliminary design considerations for microwave pulse compressors using electrically-switched Bragg reflectors were presented by Petelin, Vikharev and Hirshfield at AAC'96 (1). This paper presents results of experiments to study performance of several prototype designs of such compressors. In moderate-power tests using a plasma-switched TE 011 cavity as the active element, a 25 nsec, 1.8 MW output pulse was realized, corresponding to a peak power gain of 20:1, with an energy efficiency of 30%. A high-power prototype of a 60% energy efficient compressor is under construction that is designed to yield a 100 nsec, 100 MW output pulse with a peak power gain of 17:1. Details of this design are described.
INTRODUCTION
During the past several years, attention has been directed towards active pulse compression as a means of achieving high peak power microwave pulses with an acceptable efficiency for driving accelerator structures (1, 2) .
Active pulse compression, as opposed to passive pulse compression, employs rapid electrical switching of the reflectivity of a microwave circuit element, so as to allow stored microwave energy to be rapidly discharged into the accelerator structure. For rectangular pulses, the energy efficiency of a compressor is η = P 2 P 1 ( ) τ 2 τ 1 ( )= M C , where the power gain M = P 2 P 1 is the ratio of peak power output to peak power input, and the compression ratio C = τ 1 τ 2 is the ratio of input pulse width to output pulse width. Omega-P, Inc. and Institute of Applied Physics are collaborating in the design and testing of active pulse compressors at 11.424 GHz, in which microwave energy is stored in an oversized resonator operating in the TE 0n mode, with Bragg reflectors or cavities at the ends, and with active switching achieved by rapid ignition of plasma in tubes within the Bragg reflector or cavity. This paper provides a status report, giving results of preliminary moderatepower tests, design considerations for high power versions, and a specific design for a compressor now under construction which is expected to provide an output pulse of at least 100 MW peak power, in a 100 nsec pulse, with a peak power gain of 17:1, and an efficiency of at least 60%.
PROOF-OF-PRINCIPLE EXPERIMENT
Preliminary evaluation of the idea of rapid electric discharge switching of microwave energy stored in an oversized TE 01 -mode resonator was carried out at moderate-power levels using the experimental set-up shown in Fig. 1 . The resonator was formed by an input Bragg reflector, a section of smooth copper cylindrical waveguide 100 cm long and 5.0 cm in diameter, and an output reflector (2) based on a stepped widening section of circular waveguide. This stepped widening section comprised a cylindrical TE 031 -mode resonator 13.7 cm in diameter containing a quartz ring-shaped gas-discharge tube near its front wall. The quartz discharge tube is 1.1 cm in minor diameter, and 12.5 cm in major diameter. The discharge tube is built with two nozzles for passage of the filling gas which, for the experiments to be described, was air in the pressure range 0.2-10 Torr. The tube was fired by applying a 40 nsec, 40 kV pulse with a rise-time of 10-15 nsec to a pair of electrodes sealed at opposite ends of the quartz ring. A detailed drawing of the cavity is shown in Fig. 2 .
FIGURE 2.
Output reflector based on stepwise widening of a circular waveguide: 1 -waveguide of 13.7 cm diameter, 2 -movable waveguide of 50 mm diameter, 3 -gas discharge tube, 4 -electrodes.
The moderate-power experiments were carried out at 9.4 GHz, the frequency of an available 100-150 kW magnetron. The spectral width of the magnetron is about 1-1.3 MHz, while that of the energy storage cavity is 0.6 MHz, corresponding to a Q of 1.5×10 4 . Thus only a portion of the magnetron ouput energy could be expected to be taken in by the cavity. The magnetron pulse width was adjustable in the range 1-10 µsec. The magnetron power was propagated in TE 01 -mode rectangular waveguide, and converted to TE 01 -mode circular waveguide using a Marie converter. Adjustment to resonance for the cavity was achieved by varying its length to minimize reflected energy after the initial transient. At minimum reflection, the cavity took up 70% of the incident power, a value consistent with the overly-broad spectrum of the magnetron source.
When high voltage pulses were fed to the electrodes on the discharge tube and plasma built up in the tube, the eigenfrequency of the cavity mode changed, and the transmission coefficient grew significantly. As a result, energy stored in the cavity was coupled out. The detected output shown in Fig. 3 has a peak power value of 1.8 MW, a factor-of-20 higher than the 90 kW input power level. The full-width of the output pulse at half power is 25 nsec, a factor of 80 smaller than the 2 µsec input pulse. Thus M = P 2 P 1 = 20, and C = τ 1 τ 2 = 80. But since the output pulse is not rectangular, integration over time is used to find the output pulse energy, giving η = 30%. Higher efficiency can be expected when a source of better spectral purity is used, and when an energy storage cavity of higher Q is used.
ADVANCED COMPRESSOR DESIGNS
Several designs have been studied for active high-compression Bragg pulse compressors that can achieve efficiency values suitable for accelerator use ( η > 60%). The energy storage cavity in such a device must be capable of sustaining high electric fields without breakdown, the switching discharge tubes must be located in positions where the fields are not so high as to cause spontaneous breakdown, but the influence of the discharge upon reflection coefficient must be significant once the tubes are fired externally. One such design, as shown in Fig. 4 , is based on use of a TE 02 mode in the energy storage cavity. The compressor consists of mode converters TE 01 (rect.) to TE 01 o and TE 01 o to TE 02 o connected together via smooth tapered transitions; and the TE 02 o resonator formed by two Bragg reflectors and a section of smooth cylindrical waveguide. The average diameter of the Bragg reflectors, equal to the diameter of the smooth cylinder, is chosen so that the TE 02 mode is the highest propagating axiallysymmetric mode. This minimizes the overall length of the resonator required to achieve a given Q, and avoids issues with excitation of higher radial order modes. For 11.424 GHz, this diameter is 8.0 cm, for which a power reflection coefficient of 0.9990 can be obtained using a reflector about 40 periods in length. The calculated frequency characteristic of such a reflector is shown in Fig. 5 . An output pulse length of 100 nsec is obtained with this resonator if its length is 150 cm. Power is switched out when the output Bragg reflector is made partially transmitting by firing the discharge tubes. For this, no tubes are installed in the first five corrugations. As a results, the coefficient of power reflection of the output reflector can be lowered to 0.65. Properties of this compressor with an input Bragg reflector 29 periods in length are summarized in Table I. duration of input pulse 1.50 µsec duration of output pulse 0.10 µsec power gain M = P 2 P 1 12 cavity ohmic Q 110,000 cavity diffraction Q 40,000 energy efficiency η 60%. A schematic diagram of the section of Bragg reflector containing discharge tubes is shown in Fig. 6 . The actual reflector consists of 20 sections containing discharge tubes and 5 sections without discharge tubes.
Reflectors such as those shown in Figs. 2 and 6 are adequate for moderatepower use, but not for output pulse power levels of 100 MW and above, as needed for accelerator applications. High power counterparts of these must be designed and built with the waveguide under high vacuum, in order to sustain the high rf fields strengths without breakdown. Vacuum-compatible designs are obviously more complex, since the discharge tube electrodes and filling-gas nozzles must be accessed from the outside. The complications involved in designing and building a vacuum-compatible version of Fig. 2 are fewer than those for Fig. 6 . Accordingly, the first high-power unit to be constructed will use a reflector such as that shown in Fig. 2 . An engineering drawing of the high-power, vacuum-compatible compressor now under construction is shown in Fig. 7 . This device contains the following elements, from left-to-right: TE 01 (rect.) to TE 11 o transition; TE 11 o to TE 01 o transition; up-taper; mode filter and pumping port; TE 01 o Bragg reflector; cylindrical waveguide; down-taper; TE 02 o switching cavity with quartz ring discharge tube (as in Fig. 2) ; mode filter and pumping port; downtaper; TE 01 o to TE 11 o transition; and TE 11 o to TE 01 (rect.) transition. Design parameters for this device are given in Table II . Plans are to test this unit at input power levels up to about 20 MW in early 1999 using the Omega-P/Naval Research Laboratory 11.424 GHz magnicon. input pulse width 2.10 µsec output pulse width 0.10 µsec peak power gain 17:1 energy efficiency 60% ohmic cavity Q 150,000 loaded cavity Q 56,000 Fig. 7 . Loaded Q value is for an input Bragg reflector with a power reflection coefficient of 98.5%.
DISCUSSION
Practical designs of active Bragg pulse compressors have been described, including versions that have been tested at moderate power levels, and a version that is now under construction for 11.424 GHz testing at output power levels of 100 MW and above. Measurements at moderate input power levels up to 90 kW have shown that peak power output pulses of 1.8 MW (i.e., 20:1 peak power gain) can be produced using an active Bragg compressor comprising an energy storage cavity with a short tuned cavity as one reflector. Rapid firing of a ring-shaped discharge tube in the tuned cavity reduces its reflectivity and allows release of stored energy in a non-rectangular pulse with a full-width at half-maximum of 25 nsec (see Fig. 3 ). The measured energy efficiency in this test was 30%, a value consistent with the overly broad spectral width of the magnetron used as the rf source, and with the Q of the energy storage cavity. Design has been completed and construction is in progress on a high-power vacuumcompatible active Bragg pulse compressor using a short tuned cavity as one reflector. This device is intended to produce an output pulse 100 nsec wide of at least 100 MW peak power with a power gain of 17:1, and with an energy efficiency of 60%. Tests using the Omega-P/NRL 11.424 GHz magnicon as the rf source are anticipated in early 1999.
